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The electron and phonon transport characteristics of n-type Fe1xCoxV0.6Nb0.4Sb half-Heusler
thermoelectric compounds is analyzed. The acoustic phonon scattering is dominant in the carrier
transport. The deformation potential of Edef¼ 14.1 eV and the density of state effective mass
m* 2.0me are derived under a single parabolic band assumption. The band gap is calculated to be
0.3 eV. Electron and phonon mean free paths are estimated based on the low and high temperature
measurements. The electron mean free path is higher than the phonon one above room temperature,
which is consistent with the experimental result that the electron mobility decreases more than the
lattice thermal conductivity by grain refinement to enhance boundary scattering. A maximum ZT
value of 0.33 is obtained at 650K for x¼ 0.015, an increase by 60% compared with FeVSb. The
optimal doping level is found to be 3.0 1020 cm3 at 600K. VC 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4823859]
I. INTRODUCTION
Half-Heusler phases are an attractive class of intermetallic
compounds with the cubic MgAgAs crystal structure (space
group F43m).1 These compounds cover various promising
candidates as half-metallic magnetic semiconductors,2–4 shape
memory alloys,5 piezoelectric materials,6 and topological insu-
lators.7,8 In recent years, the half-Heusler compounds with va-
lence electron count VEC¼ 18 have been identified as
potential high temperature thermoelectric (TE) materials for
power generation.9–13 The performance of a TE material is
represented by the dimensionless figure of merit
ZT¼ S2rT/(jeþ jL), where S, r, T, je, and jL are, respec-
tively, the Seebeck coefficient, the electrical conductivity, the
absolute temperature, and the electrical and lattice components
of total thermal conductivity j.14 It is difficult to optimize
these variables independently to increase ZT because the quan-
tities S, r, and je are interrelated via carrier concentration. The
compromise between a large Seebeck coefficient and a high
electrical conductivity for promising thermoelectric materials
with high ZT requires an optimal carrier concentration between
1019 and 1021 carriers per cm3, which is usually found in heav-
ily doped semiconductors.15 The jL is independent of the elec-
trical properties, which should be minimized as much as
possible. Therefore, there are usually two approaches to opti-
mize the performance of a TE material: One is to reduce the
lattice thermal conductivity by alloying or nanostructuring to
induce point defects16,17 or interfaces,18–20 and the other is to
optimize the power factor PF a2r by band engineering, such as
modification of electron states via resonant levels,21,22
convergence of energy bands,23–25 or weakening the scattering
of carriers.26,27
MNiSn (M¼Ti, Zr, Hf)9,16,17,28–30 and MCoSb31,32
compounds are most widely investigated half-Heusler TE
materials due to their high Seebeck coefficients and moder-
ate electrical conductivities. And the state-of-the-art ZT val-
ues of close to unity have been obtained at high
temperatures.33,34 Another half-Heusler compound, FeVSb,
usually exhibits the maximum ZT value in medium tempera-
ture range (550–750K). Despite of its high power factor,
4 103W m1 K2 at 300K, the relatively high thermal
conductivity (j 10W m1 K1) makes this system less
promising for TE application at present.35 In our previous
study, the enhanced point defect scattering for phonons has
been introduced by the isoelectronic substitution of Nb on
the V sites. A significantly reduced thermal conductivity of
5.5Wm1 K1 for the FeV0.6Nb0.4Sb was obtained at 300K.
However, the simultaneous decrease in electrical conductiv-
ity leads to deteriorated power factor and ZT.36 The optimal
TE figure of merit ZT / lm3=2=jL is related to the carriers
mobility l, the density-of-states effective mass m*, and the
lattice thermal conductivity jL. The knowledge of electron
and phonon transport mechanisms would provide important
guidelines for the improvement of the TE performance of
this system.
In this work, we study the electron and phonon transport
characteristics of n-type Fe1xCoxV0.6Nb0.4Sb (x¼ 00.02)
compounds. The Co doping on the Fe site can increase the
electron concentration and improve conductivity. Since pre-
vious energy band calculation shows that the FeVSb and
FeNbSb have single conduction bands,12,37 the single para-
bolic band (SPB) model, which is combined with the solution
to the Boltzmann transport equation within the relaxation
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time approximation,38 is employed to analyze the electrical
transport properties of the compounds. Moreover, the elec-
tron mean free path (EMFP) of Fe1xCoxV0.6Nb0.4Sb and
phonon mean free path (PMFP) are evaluated. Both the calcu-
lated and experimental results indicate that the l/jL ratio is
not improved by enhancing boundary scattering in this
system.
II. EXPERIMENTAL PROCEDURES
Fe1xCoxV0.6Nb0.4Sb (x¼ 0, 0.005, 0.01, 0.015, 0.02)
ingots were prepared by levitation melting. More details can
be found elsewhere.33,35 The ingots were pulverized and
sifted through a 200 mesh sieve. Two samples with x¼ 0.01
and x¼ 0.015 were further pulverized by ball milling (BM)
for 10 h to obtain fine-grained powders for comparison. The
powders were compacted by spark plasma sintering
(SPS-1050, Sumitomo Coal Mining Co.) at 1073K for
10min under 65MPa. The obtained sample pellets were
annealed at 1023K for 2 days. The relative density of all
samples was found to be 95%.
Phase structure of the samples was investigated by X-ray
diffraction (XRD) on a RigakuD/MAX-2550PC diffractome-
ter. The XRD analysis, as shown in Fig. 1, indicates that no
impurity phases exist in the samples. No obvious change in
lattice parameter was observed since the Co has similar radius
with Fe. Compositional homogeneity of all samples was
examined by electron probe microanalysis (EPMA, JEOL
JXA-8100). The sample pellets of 12.7mm in diameter were
used to measure the thermal conductivity and then cut into
the rectangular bars for the electrical property measurements.
The Seebeck coefficient and electrical conductivity from
300–800K were measured on a commercial Linseis LSR-3
system using a differential voltage/temperature technique
and DC four-probe method, respectively. The thermal con-
ductivity j was calculated from j¼DqCp, where q is the
sample density estimated by the Archimedes method. The
thermal diffusivity D and specific heat Cp were measured by
a laser flash method on Netzsch LFA457 instrument with a
Pyroceram standard. The low temperature Hall coefficients
RH and thermal conductivity of the samples were measured
using a physical property measurement system (PPMS-9T,
Quantum Design Inc., USA). The carrier concentration nH
was calculated by nH¼ 1/eRH, where e is the unit charge. The
carriers mobility lH was calculated by lH¼ rRH.
III. ELECTRICALTRANSPORT
Figure 2 shows the electrical properties of
Fe1xCoxV0.6Nb0.4Sb (x¼ 0 0.02) compounds. The parent
FIG. 1. XRD pattern of Fe1xCoxV0.6Nb0.4Sb (x¼ 0, 0.005, 0.01, 0.015,
0.02) samples.
FIG. 2. Temperature dependences of electrical conductivity (a), Hall mobility (b), Seebeck coefficient (c), and power factor (d) of Fe1xCoxV0.6Nb0.4Sb sam-
ples. The inset in (b) shows the temperature dependence of Hall carrier concentration. Inset of Fig. 2(a) shows lnq 1/T relationship for FeV0.6Nb0.4Sb. In Fig.
2(c), the solid curves for samples x¼ 0.0050.02 were calculated using SPB model. A good agreement is displayed between the calculated curves and experi-
mental data before the intrinsic excitation.
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sample FeV0.6Nb0.4Sb, without Co doping, possesses a high
Seebeck coefficient of 280lV/K and a small electrical con-
ductivity of 0.8 104X1m1 at room temperature.
The temperature dependence of resistivity of FeV0.6Nb0.4Sb at
high temperatures follows a simple exponent law
q¼ q0 exp(Eg/2kBT), where Eg is the band gap and kB is the
Boltzmann constant (the inset of Fig. 2(a)). The determined
value for Eg is 0.26 eV. Co acts as an effective donor and
improves the electrical conductivity, as shown in Fig. 2(a).
The electrical conductivity for all the Co doped samples
decreases with increasing temperature, revealing a metal-like
behavior. The r of the Co doped samples follows a power law
of rT1.0 below 500K. The Hall carrier concentration of
the samples below 300K, shown in Fig. 2(b), keeps nearly
constant. The Hall mobility follows a relationship lH T1.0
near room temperature, consistent with the temperature de-
pendence of electrical conductivity, indicating that the acoustic
phonon scattering of carriers may be dominant in degenerate
Fe1xCoxV0.6Nb0.4Sb (x> 0.005) compounds.
39
The absolute Seebeck coefficient of all the samples
decreases with increasing carrier concentration, in Fig. 2(c).
The Seebeck coefficient of the Co doped samples increases
linearly with increasing temperature before the intrinsic exci-
tation. The temperature Tmax, at which the maximum
Seebeck coefficient occurs, increases with increasing Co
content, implying that the intrinsic excitation occurs at
higher temperatures. The band gap of all the samples can be
estimated by the formula Smax¼Eg/2eTmax,40 where Tmax is
the temperature that the maximum Seebeck coefficient Smax
occurs. The calculated Eg of 0.3 eV for all the samples is
close to that for FeV0.6Nb0.4Sb (0.26 eV), and is also simi-
lar to the band gap of ZrNiSn (0.3 eV).28 Fig. 2(d) shows
the power factor of all the Co doped samples is enhanced,
especially near room temperature, increasing from
6.5 104W m1K2 for x¼ 0 to 29.3 104W m1 K2
for sample x¼ 0.01.
Within the framework of a single parabolic band
assumption, the Seebeck coefficient S and Hall carrier con-
centration nH are given by
S ¼  kB
e
ð5=2þ kÞFkþ3=2ðgÞ
ð3=2þ kÞFkþ1=2ðgÞ
 g
" #
; (1)
nH ¼ 4pð2m  kBTÞ
3=2
h3
F1=2ðgÞ
rH
; (2)
rH ¼ 3
2
F1=2ðgÞ
ð3=2þ 2kÞF2kþ1=2ðgÞ
ð3=2þ kÞ2F2kþ1=2ðgÞ
; (3)
FiðgÞ ¼
ð1
0
nidn
1þ expðn gÞ; (4)
where g¼EF/kBT is the reduced Fermi level, f the reduced
carrier energy, Fi(g) the Fermi-Dirac integral, rH the Hall
factor, m* the density of states effective mass, h the Planck
constant, and the scattering factor k relates to the energy de-
pendence of the carrier relaxation time s via s¼ s0ek.41,42
The acoustic phonon scattering gives k¼1/2. Based on the
experimental Seebeck coefficients and carrier concentra-
tions, an effective mass m* 2.0me was derived for all
Fe1xCoxV0.6Nb0.4Sb (x> 0) samples using Eqs. (1)–(4).
The calculated rH changes from 1.14 for sample x¼ 0 to
1.04 for sample x¼ 0.02.
Pisarenko plot of S versus nH can be calculated from Eqs.
(1) and (2) and is presented in Fig. 3, together with the experi-
mental data. The SPB model is reasonable in a region where
minority carrier transport is negligible. This is typically the
case in heavily doped (degenerate) semiconductors before
thermal excitation of electron-holes pairs influences transport
at high temperatures.41 The measured Hall carrier concentra-
tion dependence of the Seebeck coefficient of the Co doped
Fe1xCoxV0.6Nb0.4Sb samples matches the calculated lines
well at 300, 400, and 500K. The good agreement between ex-
perimental points and the calculated curves indicates that the
effective mass m* is almost independent of carrier concentra-
tion and temperature in the degenerate Co doped samples,
and the single parabolic band model is applicable for analyz-
ing the electrical transport in Fe1xCoxV0.6Nb0.4Sb com-
pounds. The temperature dependence of Seebeck coefficient
S was also calculated by the SPB model with the m* 2.0me,
given in Fig. 2(c). The results agree well with the experimen-
tal data before the intrinsic excitation. At higher tempera-
tures, the experimental data have a large deviation from the
calculated curves, due to the generation of electron-hole pairs
from the thermal excitation, where the SPB model fails.
For a semiconductor with the single parabolic band and
the acoustic phonon scattering, the Hall mobility can be
expressed as
lH ¼ l0
F1=2ðgÞ
2F0ðgÞ : (5)
The value of l0 is related to the relaxation time s0 via
l0 ¼ es0=mI , where mI is the inertial effective mass. When
the acoustic phonon scattering dominates the transport of
charge carriers, l0 can be expressed as
42
l0 ¼
eph4ﬃﬃﬃ
2
p ðkBTÞ3=2
v2l d
E2def ðmbÞ5=2
; (6)
where vl is the velocity of longitudinal sound waves, d is the
density, and Edef is the deformation potential that represents
the degree to which the charge carriers interact with phonons
in a material.27 mb is expressed as m
 ¼ N2=3V mb, where Nv is
FIG. 3. Pisarenko plots of Fe1xCoxV0.6Nb0.4Sb (x¼ 0, 0.005, 0.01, 0.015,
0.02) samples at 300, 400, and 500K, respectively. The calculated curves
(line) are generated assuming the m*¼ 2.0me (me is the electron mass) under
SPB model.
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the number of degenerate carriers pockets. The conduction
band extrema of n-type FeVSb locates at X point of the
Brillouin zone and has three equivalent pockets (Nv¼ 3),
which dominate the transport properties.12,37 The value vl of
5970m/s was calculated from our previous measurement
of low temperature specific heat.36 Based on the acoustic
phonon scattering using Eq. (6), the deformation potential
Edef was calculated to be 14.1 eV by fitting the experimental
carrier concentration dependence of mobility (in Fig. 4),
which is in the reasonable range of 8 35 eV for a doped
semiconductor.43 A low deformation potential is beneficial
for a relatively high carrier mobility.
Good TE materials in principle need a large lm*3/2. For
example, PbTe44 has a small m* but a large l of several hun-
dred cm2/V/s at room temperature. Ba8Ga16Ge30
41 and
La3Te4
45 have relative low l (10 cm2 V1 s1) but large
m* (1.8me for Ba8Ga16Ge30 and 2.8me for La3Te4) at room
temperature. In Fe1xCoxV0.6Nb0.4Sb half-Heusler com-
pounds, the relatively large l (40–80 cm2 V1 s1 at room
temperature), together with the relatively large m* (2.0me)
leads to a large lm*3/2, which may explain why this system
has high power factors.
Note that at low nH (1.5 1020 cm3), the experimental
data deviate from the calculated curves in Fig. 4. For sample
x¼ 0, the carrier concentration nearly keeps a constant (Fig.
2(b)), but the mobility lH increases with increasing tempera-
ture below 300K (not shown here), not following the rela-
tionship lH T1.0, which indicates that additional
scattering mechanism may exist in FeV0.6Nb0.4Sb. Heng
et al.46 recently reported that in PbS system the lH increases
with increasing nH at low carrier concentrations due to the
polar optical phonon scattering and decreases with increas-
ing nH at higher carrier concentrations owing to the dominant
acoustic phonon scattering.
IV. THERMAL CONDUCTIVITY
Fig. 5(a) shows the thermal conductivity j increases
with increasing Co content and decreases with temperature.
At high temperatures, thermal conductivity increases due to
the bipolar conduction. The measured specific heat, as shown
in Fig. 5(a), increases with increasing temperature and the
room temperature specific heat is approximately equal to the
Dulong-Petit value (0.306 J/g/K). The thermal conductivity
is typically described as a sum of electronic and lattice con-
tributions: j¼ jeþjL. The Weidemann-Franz law permits
an estimation of the electronic component: je¼ LrT. L is
Lorenz number and can be calculated by the single parabolic
band approximation41
L ¼ kB
2
e2
3F0ðgÞF2ðgÞ  4F1ðgÞ2
F0ðgÞ2
: (7)
The calculated Lorenz constant for Fe1xCoxV0.6Nb0.4Sb
compounds is in the range of 1.6 108 V2 K2
 2.0 108 V2 K2, lower than the metallic limit L0 of
2.45 108 V2 K2. The electron thermal conductivity je
for all the samples increases with increasing Co content and
ranges from 0.1W m1 K1 to 2.0W m1 K1 at room tem-
perature. At high temperatures, je of the Co doped samples
rapidly decreases and only contributes 10% to the total
thermal conductivity. Fig. 5(b) shows that the jL of
Fe1xCoxV0.6Nb0.4Sb compounds is largely reduced com-
pared with FeVSb. The Co content dependence of jL
decreases slightly with increasing Co content, as shown in
the inset of Fig. 5(b), which should be due to the enhanced
alloy scattering induced by the difference in mass and atom
radius between Fe and Co. The minimum thermal conductiv-
ity jmin was calculated by Cahill’s model.
47 The jL of all the
Fe1xCoxV0.6Nb0.4Sb compounds is much higher than the
minimum thermal conductivity jmin (1.0W m1 K1),
suggesting that jL has still a large space to be reduced.
V. EFFECT OF BOUNDARYON ELECTRON
AND PHONON TRANSPORT
The free path length for the phonons varies strongly
with their vibration frequency.49 There are usually two
approaches to reduce the lattice thermal conductivity in
FIG. 4. Hall mobility versus Hall carrier concentration for
Fe1xCoxV0.6Nb0.4Sb (x¼ 0, 0.005, 0.01, 0.015, 0.02) samples at 300, 400,
and 500K, respectively. The experimental data are compared to calculated
SPB curves assuming carrier mobility is limited by acoustic phonon scattering.
FIG. 5. Temperature dependences of thermal conductivity (a) and lattice
thermal conductivity (b) of the Fe1xCoxV0.6Nb0.4Sb compounds. Inset of
(a) shows the measured specific heat, and the dashed line represents the
Dulong-Petit estimation. The inset in (b) shows the Co content dependence
of lattice thermal conductivity at 300, 400, and 500K, respectively. The
solid line shows the ZT value of FeVSb from Ref. 35. jmin was calculated
according to Cahill’s model.47
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half-Heusler compounds: one is to enhance the scattering of
high frequency phonons by introducing point defects,17,36
and the other is to enhance the scattering of low frequency
phonons by grain refinement.32,34 The point defect scattering
has been introduced in FeVSb system by substituting Nb on
the V sublattice and the lattice thermal conductivity was
largely decreased.36 Suppressing the propagation of low fre-
quency phonons may be another effective way to further
reduce the lattice thermal conductivity.
In order to benefit from the boundary scattering in ther-
moelectric materials, the PMFP should be smaller than the
EMFP.48 The estimation of PMFP and EMFP can give rough
information on whether the grain refinement is effective in
improving TE performance. When the acoustic phonon scat-
tering of carriers is predominant in a large crystal, the mobil-
ity can be given by49,50
l ¼ 4ele
3ð2pmI kBTÞ1=2
; (8)
where le is the electron mean free path. The phonon mean
free path lph can be estimated from the lattice thermal con-
ductivity using the equation
jL ¼ 1
3
Cvvslph; (9)
where Cv is the specific heat per unit volume, and vs the
sound velocity. The lattice thermal conductivity jL of sam-
ple x¼ 0.1 and x¼ 0.015 from 5–600K is shown in Fig.
6(a). The slight increase in jL for sample x¼ 0.01 between
200K and 300K is due to the radiation loss. The PMFP
and EMFP of samples x¼ 0.01 and x¼ 0.015 were roughly
estimated and shown in Fig. 6(b). The PMFP decreases with
increasing temperature in the investigated temperature range.
And the EMFP increases with increasing temperature and is
5 nm above 100K. At low temperatures, the PMFP is
much larger than the EMFP, suggesting that boundary scat-
tering may be effective in reducing lattice thermal conduc-
tivity while less affecting carrier mobility and electrical
conductivity. However, above 100K, the EMFP is larger
than PMFP, implying that grain refinement may reduce the
carrier mobility more than the lattice thermal conductivity.
In order to validate the above analysis, two fine-grained
samples Fe0.99Co0.01V0.6Nb0.4Sb (x¼ 0.01BM) and
Fe0.985Co0.015V0.6Nb0.4Sb (x¼ 0.015BM) were prepared by
BM followed by SPS. The typical SEM images of the sam-
ples x¼ 0.01 and x¼ 0.01BM are shown in Fig. 7. Sample
x¼ 0.01, without ball milling, has larger particles of
2.5 lm, while the ball milled sample x¼ 0.01BM possesses
relatively smaller particles ranging from 300 nm to 1 lm.
As shown in Fig. 8(a), the lattice thermal conductivity
jL of the BMed samples has a distinct decrease compared to
the coarse-grained counterparts. Especially at room tempera-
ture, a decrease of 30% was obtained for the two BMed
samples. Above the room temperature, the boundary scatter-
ing of phonons weakens with increasing temperature due to
the reduced low frequency phonons. As a result, the decrease
in high temperature jL is not as obvious as room temperature
jL. However, the Hall mobility of the BMed samples also
distinctly decreases. The ratio lH/jL of the BMed samples,
as shown in Fig. 8(b), is reduced compared with that of the
FIG. 6. Temperature dependences of lattice thermal conductivity (a) and
EMFP and PMFP (b) for samples x¼ 0.01 and x¼ 0.015.
FIG. 7. SEM images of the fractured surface of samples x¼ 0.01(a) and
x¼ 0.01BM (b).
134905-5 Fu et al. J. Appl. Phys. 114, 134905 (2013)
 [This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.215.71.79 On: Thu, 07 Nov 2013 18:03:09
coarse-grained counterparts, consistent with the above analy-
sis on mean free path. Therefore, grain refinement will not
contribute to the further improvement of TE performance for
Fe1xCoxV0.6Nb0.4Sb compounds.
The temperature dependence of ZT value of the
Fe1xCoxV0.6Nb0.4Sb compounds is shown in Fig. 9(a). The
maximum ZT values of all the Co-doped samples are higher
than that of FeVSb. A maximum ZT value of 0.33 was
obtained at 650K for sample x¼ 0.015, an increase by
60% compared with FeVSb. The ZT of the BMed samples
x¼ 0.01BM and x¼ 0.015BM decreases, compared with the
non-BMed counterparts, mainly due to the largely reduced
mobility. The carrier concentration dependence of the ZT
calculated by SPB model is shown in Fig. 9(b), together with
the experimental data. The optimal Hall carrier concentration
nH,opt, at which the maximum ZT value occurs, is estimated
to be 3.0 1020 cm3 at 600K.
VI. CONCLUSIONS
The electron and phonon transport of n-type
Fe1-xCoxV0.6Nb0.4Sb (x¼ 0-0.02) half-Heusler thermoelec-
tric compounds was analyzed. The state density effective
mass was determined to be 2.0me. The deformation poten-
tial Edef¼ 14.1 eV was derived by a SPB model. And the
band gap Eg is 0.3 eV. The EMFP is several times larger
than the PMFP above room temperature, suggesting that
grain refinement is not an effective way in improving ZT of
this system because the ratio of mobility to lattice thermal
conductivity will decrease by enhancing boundary scattering.
The subsequent experimental results corroborate the supposi-
tion. A maximum ZT value of 0.33 was obtained at 650K
for sample x¼ 0.015 due to the carrier concentration optimi-
zation, 60% increase compared with FeVSb. The optimal
doping level was estimated to be 3.0 1020 cm3 at 600K.
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